Abstract: A series of systematic, three-dimensional coupled finite element analyses was carried out to investigate the multiple interactions between large parallel hypothetical twin tunnels constructed in stiff clay using the new Austrian tunnelling method. Special attention was paid to the influence of lagging distance between the twin tunnel excavated faces (L T ) and the load-transfer mechanism between the two tunnels. It is found that L T has a stronger influence on the horizontal movement than on the vertical movement of each tunnel, and it significantly affects the shortening of the horizontal diameter of the tunnels. The change of pillar width appears to be an approximately linear function of L T . The location of the maximum settlement is offset from the centerline of the pillar, and the offset increases with a range of L T values. The magnitude of the maximum settlement is independent of L T , however. As L T increases, there is a transfer of load from the lagging (right) tunnel to the leading (left) tunnel, resulting in an increase in the bending moment in the left tunnel but a decrease in the bending moment in the right tunnel. There is a corresponding increase in the axial force at the left springline of the left tunnel and a decrease in the axial force at the right springline of the right tunnel. Due to the twin tunnel interactions, the distributions of pore-water pressures are highly nonsymmetrical at both tunnels.
Introduction
The demand for better and more environmentally friendly travel facilities in major cities has led to a significant increase in the interest in development of underground rail or road systems worldwide. Among many tunnelling construction methods, the new Austrian tunnelling method (NATM) has often been chosen for many contract-winning metro tunnel schemes in soft ground. The NATM is a technique in which ground exposed from excavation is temporarily supported by shotcrete as the lining (Sauer and Gold 1989) . The main advantage of NATM over conventional tunnelling techniques is its outstanding flexibility. Many different support techniques can be adopted to deal with various ground conditions, allowing noncircular tunnels and the enlargement of complex interchanges. The potential for cost savings by using the NATM is very high (McWilliam 1991; Murphy 1993) .
In congested cities, many new tunnels have to be planned and constructed near to or parallel to existing tunnels. Despite the increasing popularity of NATM, the current tech-nical understanding and knowledge of applying this construction method in soft ground, particularly for parallel twin tunnels, are still not fully understood. There is an urgent need to investigate the three-dimensional (3D) effects of the construction method so as to understand the interactive behaviour between multiple tunnels during construction. Terzaghi (1942) and Ward and Thomas (1965) reported measurements made on full-scale parallel tunnels constructed with a pillar width of 0.425 tunnel diameters in Chicago Clay and 0.6 tunnel diameters in London Clay, respectively. In both cases, the two tunnels were installed consecutively. Due to the interaction between the parallel tunnels, it was noticed that significant radial deformations occurred in the tunnel lining of 0.1% and 0.12% of the radius of the tunnels in Chicago Clay and London Clay, respectively. Ghaboussi and Ranken (1977) comprehensively investigated the effects of the pillar width on the construction of parallel tunnels using two-dimensional (2D) finite element analyses with linearly elastic models. They found that as the pillar width between the two tunnels decreased, there was a gradual increase in the vertical stresses in the pillar and a corresponding increase in the horizontal stresses. The deviator stress was thus almost unaffected by the pillar width. Their results indicated that for a pillar width of about twice the tunnel diameter or greater, the displacements of each of the two parallel tunnels were essentially identical to those of a corresponding single tunnel construction. Adachi et al. (1993) carried out a series of twodimensional 1g model tests to investigate the behaviour of shallow twin tunnels in sandy ground. They reported that the overburden-spacing ratio (Z/B, where Z is the depth of the tunnel measuring from ground surface to the crown of the tunnel and B is the closest distance (spacing) between two parallel tunnels) was a useful parameter to evaluate the interaction between multi-tunnel constructions. If the cover was the same, the interaction became significant with a decrease in spacing between the tunnels. On the other hand, if the spacing was kept the same, the interaction between the tunnels was intensified with an increase in the overburden thickness, especially the pressure acting on the tunnel crown.
Based on previous research work by Peck (1969) , Fujita (1985) and Fang et al. (1994) developed an empirical method for estimation of ground settlement associated with single shield tunnelling. Moreover, by using the finite element results published by Hoyaux and Ladanyi (1970) , Fujita and Fang et al. concluded that the principle of superposition could be applied to estimate ground surface settlements for parallel twin tunnels if the ratio of the distance between tunnel centers to the diameter of the tunnels was larger than 2.7, irrespective of the ratio of the depth to the diameter of the tunnels. Chapman et al. (2002) carried out a series of 2D finite element analyses to study the settlement above closely spaced multiple tunnel construction in London Clay. It was found that the computed settlement trough above a second side-byside tunnel in close proximity to the first tunnel was not well predicted by the conventional simple empirical techniques based on the Gaussian distribution equation. The predicted maximum settlement above the second tunnel was offset towards the first tunnel, and the side of the trough closest to the first tunnel exhibited greater relative movements than those on the side of the trough farthest from the first tunnel. It was also found that the predicted maximum relative increase in settlement occurred above the centerline of the first tunnel driven in twin side-by-side construction and was independent of tunnel spacing. Addenbrooke and Potts (1996) carried out a series of finite element analyses to investigate twin circular tunnel constructions. Two-dimensional coupled-consolidation analyses were adopted and the nonlinear elastic behaviour of London Clay was taken into account. With side-by-side tunnels, Addenbrooke and Potts found that the shape of the settlement trough above the second tunnel was similar to that of a greenfield site. The position of the maximum settlement trough was offset with respect to the tunnel centerline, however, towards the first (existing) tunnel. It was evident that the assumption of the superposition of settlement troughs could not account for the offset. With a pillar width less than one diameter, the eccentricity of the maximum settlement trough approached a value equal to double the pillar width, and the eccentricity decreased with an increase in the pillar width, down to less than 25% of the pillar width for a pillar width greater than several tunnel diameters. In addition, Addenbrooke and Potts also reported that the existing tunnel lining was forced to change shape during the driving of the second tunnel, resulting in an increase in the length of the horizontal diameter and a reduction in the vertical diameter. Addenbrooke et al. (1997) further presented the significance of modelling the nonlinear elasticity and the effect of introducing a soft independent shear modulus on the prediction of 2D surface settlements. It was found that the introduction of a softer anisotropic shear modulus could significantly improve the prediction of settlements for a greenfield site but not for twin-tunnel interactions. All the models adopted by Addenbrooke et al. gave predictions of shallower and wider surface settlement profiles than the measured ones. The asymmetry of the measured profile was reproduced, but it was overexaggerated for the first tunnel. Kim et al. (1998) performed a series of 1g model tests on closely spaced tunnels in kaolin clay samples with an overconsolidation ratio (OCR) up to 3 in the short term. Three tunnels were constructed in which the two new tunnels were either parallel to the existing tunnel or perpendicular to it. From their results it was concluded that the interaction effects between the parallel tunnels were linked to the redistribution of stresses within the soil caused by liner deformation and ground loss, and the interaction mechanisms were extremely complex.
Although a considerable amount of research work on multi-tunnel interactions has been carried out, simplified 2D numerical analyses and 1g model tests have often been adopted to investigate the complex 3D multi-tunnel interactions. Very little research has been reported in which twin parallel tunnels, particularly noncircular NATM tunnels, have been investigated using 3D numerical techniques, even after Dasari et al. (1996) and Tang et al. (1999) reported a number of 3D numerical analyses of a single NATM tunnel. Because of an increasing popularity of the NATM and an increasing number of closely spaced underground tunnels planned and constructed in cities worldwide, there is a definite need to improve our understanding of multi-non-circular NATM tunnel interactions. In this paper, a series of 3D numerical simulations are carried out to investigate the interactions between two parallel hypothetical noncircular tunnels constructed using the NATM. The geometry of the tunnel, the construction method, and the ground conditions adopted in the 3D simulations are similar to those for the Heathrow trial tunnel (New and Bowers 1994; Deane and Bassett 1995) .
Heathrow trial tunnel
The 100 m long Heathrow trial tunnel was the first tunnel excavated by the NATM in stiff London Clay. The tunnel is located on a section of the proposed tunnel alignment running from the Central Terminal Area to Terminal 4 of Heathrow Airport, London, U.K. The tunnel has an oval cross section, a height of about 8 m, a section width of about 9 m, a face area of about 59 m 2 , and a depth below ground of approximately 20 m. At the trial tunnel, three different kinds of construction sequences were evaluated to examine the method performance and suitability. The 100 m long tunnel construction was divided into three different excavation sequences (or types), each over a length of about 35 m. The three trial designs were based on excavation sequences successfully used elsewhere in Europe. The first (type 1) construction sequence was the most conservative and consisted of two side headings followed by the removal of the central core of the tunnel. The second sequence (type 2) used excavation on one side of the tunnel and then enlargement of the original excavation to its full size. The third type (type 3) was a top heading and bench sequence with the bottom of the shotcrete arch of the heading supported on inverted shotcrete arches. A typical section of the type 2 construction sequence is shown in Fig. 1 . Details of the construction sequences have been reported by New and Bowers (1994) and Deane and Bassett (1995) .
The type 2 construction was distinctively asymmetric, with the left drift of 29.8 m 2 completed prior to the right drift of 28.8 m 2 . The lining consisted of a 250 mm shotcrete shell with a single layer of steel mesh, and lattice girders were used at 1 m centers along the tunnel. Twelve days were taken for excavation of the left drift and another 12 days for the remaining part of the tunnel. The maximum ground surface settlement measured for the left drift and on the completion of the whole tunnel excavation was 14.5 and 26.8 mm, respectively, whereas the volume loss was determined to be 1.24% and 1.05%, respectively. The standard deviation, i, which provides a means of defining the trough width, was 9 m on the completion of the entire tunnel excavation. Since the type 2 construction sequence gave the best performance in terms of surface settlement and volume loss among the three types of excavations, it has therefore been adopted for the hypothetical 3D numerical simulations of twin tunnel interactions in this paper.
Three-dimensional modelling of NATM twin tunnel construction

Tunnel geometry, finite element mesh, and initial ground conditions
Figures 2a, 2b, and 2c show a 3D isometric view, a typical section, and a plan view of the finite element mesh of the twin parallel tunnels, respectively. The finite element program ABAQUS (Abaqus, Inc. 1998 ) was adopted. The modelled tunnel is oval in shape and 9.2 m and 7.9 m in horizontal and vertical diameter, respectively, i.e., similar to that at the Heathrow trial as shown in Fig Figure 3 shows the cross section of the finite element mesh for the twin tunnels consists of 17 220 threedimensional, eight-node cubic isoparametric solid elements for the soils. At each node of the solid elements, there are three degrees of freedom describing displacements in the x, y, and z directions. For the shotcrete lining, 4516 four-node shell elements are used. At each node, there are six degrees of freedom: three for displacements and three for rotations. All the elements used in all the analyses are first-order elements. The total number of nodes is 14 868.
The movements in all directions and rotations are fixed at the bottom of the mesh. Roller boundaries are used for the vertical faces of the mesh. In addition, no horizontal displacements are permitted on the two x-z planes (i.e., y = 0 and y = 142.5) at the boundaries of the mesh (see Fig. 2 ).
Free drainage was modelled at the vertical boundaries of the mesh, and a hydrostatic pore-water pressure of 400 kPa was fixed at the bottom of the mesh. Free drainage was allowed at the excavated tunnel face. On the other hand, the shotcrete lining was modelled as an impermeable material, and hence water flow through the lining was not permitted.
The modelled ground conditions consisted of 5 m of Taplow Gravel overlying the 40 m thick London Clay with coefficient of earth pressure at rest K 0 = 1.5. The initial hydrostatic groundwater table was assumed to be located at the interface between the two soil strata. Effective coupled con- solidation analyses were carried out to simulate the excavation rate of 2.5 m per day for either the left or right drift.
Finite element simulation procedures
The sequence of the tunnel excavation was idealized and modelled (refer to In this paper, five different lagged distances (i.e., L T = 0D, 0.6D, 1.2D, 2.3D, and 3.5D) between the left tunnel (first tunnel) and the right tunnel (second tunnel) were studied and analysed. A study of different lagged distances (i.e., L D ) within a single tunnel is presented by Tang et al. (1999) and Tang (2001) , and some results are adopted in this paper for comparison.
Constitutive models and parameters
The Taplow Gravel and London Clay were modelled as isotropic and anisotropic elastic -perfectly plastic materials with a modified Drucker-Prager yield criterion (Abaqus, Inc. 1998) , respectively. The Drucker-Prager failure criterion, F, and the flow potential, G, are defined as follows: Table 1 . Material parameters adopted in the finite element analyses. where t is the deviator stress, ′ p is the mean effective stress, β is the friction angle, ′ d is the effective cohesion, and ϕ is the dilation angle in the ′ p -t plane. Details of the definition of each term are given by Abaqus, Inc. (1998) , and a summary of the model parameters used is given in Table 1 . It should be noted that the strength parameters using the Mohr-Coulomb failure criterion are also given in Table 1 for ease of comparison. To convert the Mohr-Coulomb parameters for the Drucker-Prager model, the same failure criterion in triaxial compression is used for both models. This approach implies London Clay and Taplow Gravel possess an internal angle of friction of 22°and 30°, respectively. In modelling elastic cross-anistropy of London Clay, the orthotropic effective stiffness parameters adopted for the finite element analyses of the new Queen Elizabeth II Conference Centre excavation in London Clay (Burland and Kalra 1986 ) are used. The five parameters required for an anisotropic analysis are as follows: (i) effective Young's modulus (kPa) in the vertical direction, E v ′ = 7500 + 3900z, where z is the depth below the ground surface; (ii) effective Young's modulus in the horizontal direction, E E h v 1.6 ′ = ′; (iii) Poisson's ratio for the effect of the vertical strain on the horizontal strain, µ vh ′ = 0.125; (iv) Poisson's ratio for the effect of the horizontal strain on the complementary horizontal strain, µ hh ′ = 0.125; and (v) shear modulus in the verticalhorizontal plane,
It is not always easy to correctly assess the mass permeability for London Clay because of the presence of fissures and sand lenses in some places. A range of values varying from 10 -8 to 10 -11 m/s has been reported in the literature (Mair and Taylor 1997; Addenbrooke and Potts 2001; Withers et al. 2001) . In light of the reported range and considering the effects of stress relief due to excavation, the water permeability of 10 -9 m/s was assumed for London Clay in the analyses.
The shotcrete lining was modelled as an impermeable isotropic linear elastic material with a Young's modulus of 30 × 10 6 kN/m 2 and a Poisson's ratio of 0.3 (Oettl et al. 1998) . A summary of the model parameters used in the analyses is given in Table 1 .
Computed results
Ground deformations around twin tunnels
Figures 4a-4c show the displacement vectors at three different sections around the two parallel tunnels for L T = 0D (i.e., no lagged distance between the faces of the tunnels, L T = 0; refer to Fig. 2 for the definition of L T ). At the tunnel excavation face (i.e., section A-A at y = 0), the displacement vectors are approximately symmetrical about the centerline of the pillar between the two tunnels (see Fig. 4a ). Clearly, the soil moves toward the left drift of each tunnel as a result of the stress reduction due to the excavation, except for the soil located in the region of the pillar, where the soil essentially deforms vertically downward with little horizontal displacement because of the interaction between the two tunnels. The interaction also leads to about 50% larger lateral deformation (i.e., 28.5 mm or 0.33%D) at the left springline of the left tunnel than that (i.e., 15.5 mm or 0.18%D) of the right tunnel. On the contrary, the lateral deformation at the right springline of the right tunnel is more than twice that at the right springline of the left tunnel. This indicates that the twin tunnel interaction leads to a reduction in the lateral movements between them.
As shown in Figs. 4b and 4c, similar deformation patterns are observed at both section B-B (i.e., at 20 m, y = -20 m, behind the exposed face of the left drift of each tunnel) and section E-E (i.e., at 75 m, y = -75 m or -8.6D, behind the exposed face of the left drift of each tunnel, which is approaching the plane strain conditions). It should be noted that there is an increase of 43.6 mm in the width of the pillar as a result of inward movements of 20.7 and 22.9 mm at the springline of the left and right tunnels, respectively. Compared with a corresponding 31.7 mm inward movement at the springline of a similar single NATM tunnel constructed in a greenfield site (Tang 2001) , the twin tunnel construction and interaction result in 28%-35% reduction in the lateral movement of each tunnel.
Figures 5a-5e show the displacement vectors at five different sections around the two parallel tunnels for L T = 30 m or 3.5D (i.e., the construction of the right tunnel lags behind that of the left tunnel by 30 m). At section A-A (see Fig. 5a ), i.e., y = 0D, all the soil moves toward the excavated left drift of the left tunnel. The soil deformations at the right tunnel are dominated by the horizontal component of the displacement vectors, suggesting that the effects of the horizontal stress reduction on the ground movements are more significant (due to the high K 0 ) than the effects of vertical stress reduction, as opposed to the case shown in Fig. 5a . As the distance behind the excavated left drift of the left tunnel increases from 0 to 30 m (3.5D), the vertical component of the displacement vectors gradually becomes more significant as a result of the construction of the right tunnel (see Figs. 5b, 5c, and 5d ). At section E-E (approaching the plane strain conditions), the deformation patterns are almost symmetric about the centerline of the pillar (see Fig. 5e ). Both the horizontal and vertical diameters of the opening of each tunnel are shortened due to the stress reduction and tunnel interaction.
Deformations and movements of twin tunnels
Figures 6a and 6b show the deformation at the tunnel periphery at section E-E for L T = 0 and 30 m, respectively. It appears that L T has a greater influence on the horizontal deformation at the springline than on the vertical movement at the crown of each tunnel. The lateral deformation of the left tunnel away from the pillar increases from 20.7 mm for L T = 0 m to 23.1 mm for L T = 30 m (11.5% increase), whereas the lateral deformation of the right springline of the right tunnel decreases from 22.9 mm to 18.7 mm as L T increases (i.e., 18.6% decrease from L T = 0 to 30 m). On the contrary, the vertical movements at the crown appear to be less sensitive to the L T value. In their 1g laboratory model tests in normally consolidated clay and overconsolidated clays of OCR up to 3, Kim et al. (1998) reported that the incremental displacements were concentrated at the pillar springline and the crown of the existing tunnel. After the installation of the right (new) tunnel, the pillar springline moved towards the right tunnel and the crown moved downwards. They also reported that the centerline of the existing tunnel moved slightly towards the new tunnel. All these test results are consistent with the 3D numerical analyses described in this study.
As shown in Fig. 6 , there is a decrease in diameter at the tunnel periphery in the two tunnels, but the magnitudes are different in the vertical and horizontal diameters. The shortening in the vertical diameter of the left tunnel is 75.8 mm centerline of each tunnel and the pillar along the longitudinal axes of the tunnels (i.e., the y direction) for L T = 3.5D. For ease of comparisons, the computed settlements and the longitudinal distances are normalized by the equivalent diameter of the tunnel. It can be seen that the settlement above the left tunnel (section 2-2) is largest close to its excavated face among the three sections and approaches a constant value of -0.29%D at a distance of 4D behind the excavated face of the left drift of the left tunnel. The settlement profile above the centerline of the pillar (i.e., section 1-1) is very similar to that at section 2-2, but the former gradually exceeds the latter at y = -3.5D or -30 m with the approach of the right drift of the right tunnel. The settlement above the right tunnel (i.e., section 3-3) is smallest prior to the construction of the right drift of the right tunnel, but it exceeds the settlement above the left tunnel at y = -5.8D or -50 m and gradually resembles that above the centerline of the pillar. This reveals that the settlement trough shifts from the left to the right of the centerline of the pillar as the tunnel construction advances. This phenomenon is consistent with the patterns of the displacement vectors shown in Fig. 4 . At the location where the right tun- nel is completed, the settlement above the tunnel approaches a constant value of about -0.36%D.
The shifting of the settlement trough can also be clearly illustrated by plotting transverse surface settlements at various longitudinal distances in the y direction for L T = 3.5D (see Fig. 8 ). It is clear that the settlement trough shifts gradually from the left to the right, and the maximum ground surface settlement offsets the centerline of the pillar. Figure 9 shows the variation of the net offsets (∆L x ) of the maximum ground surface settlements with different L T values at section E-E. The net offset is the offset (L x ) at any L T value minus the offset at L T = 0. The offset at L T = 0 is taken as the reference, since it is very small and negligible. It can be seen that the net offset increases gradually with an increase in L T , but it approaches a constant value (i.e., 32%D) at L T = 2.5D or larger. The amount of offset is an indication of the amount of load transfer associated with the construction of the neighbouring parallel tunnel. The smaller the offset, the more uniform the load shared between the two tunnels. For instance, for L T = 0 when the offset is the smallest and most negligible, the load is shared almost uniformly between the two tunnels. On the other hand, for L T = 2.5D or larger, more load is taken by the leading tunnel (i.e., the left tunnel here) than the lagging one (the right tunnel here), as illustrated later in the paper by different distributions of bending moments and axial forces in the tunnel linings for various L T values. Figure 10 shows the variations of the maximum ground surface settlement (δ zmax ) at section E-E with different L T values. The maximum ground surface settlement measured in the Heathrow Express trial tunnel and the computed maximum settlement for a single NATM tunnel (Tang 2001 ) are also included for reference. It can be seen that δ zmax remains almost constant for different L T values, even though a small maximum ground settlement occurs at L T = 2.3D (20 m). This is probably because when L T = 2.3D, the right drift of the left tunnel and the left drift of the right tunnel, both of which are closest to the pillar, are constructed simultaneously. Figure 11 shows the distributions of the bending moment at section E-E in the lining of both the left and right tunnels for L T = 30 m (i.e., 3.5D). In addition, the bending moment from a single tunnel (Tang 2001 ) is shown for comparison. It should be noted that the actual properties of the shotcrete, such as stiffness, are time dependent and are not considered in the parametric analyses. Hence, the computed values of bending moments should only be taken for comparative purposes. It can be seen in Fig. 11 that the distributions of the bending moment are similar in both tunnels. The maximum and minimum bending moments occur at the left heel and the invert of the tunnels, respectively. The magnitude of the bending moments is greater in the left tunnel than in the right tunnel. This suggests that the left tunnel carries a larger portion of the load than the right tunnel, due to the large L T = 3.5D. The strong resemblance between the bending moment distributions in the left tunnel and the single tunnel suggests that the left tunnel in the twin tunnel construction essentially behaves as a single tunnel, due to the large L T . Figure 12 shows the variations of the bending moment in both the left and right tunnels at y = -75 m (or y = -8.6D) with different L T values. It can be seen that the magnitude of the bending moment in the lining of the left tunnel increases with an increase in L T . The bending moments at the invert and close to the right springline regions (i.e., the pillar springline) are the most prominent. This is consistent with the results of Kim et al. (1998) , who reported that the incremental bending moment of the existing tunnel is largest at the pillar springline regions. On the other hand, the influence of L T on the bending moment distributions of the right tunnel is mainly at the invert region. The increments at the other locations around the right tunnel opening are relatively not very significant. Figure 13 shows the variations of the maximum incremental bending moment in the lining with L T . As expected, the maximum incremental bending moment is the same for both left and right tunnels when L T = 0, suggesting equal sharing of the load. As L T increases, there is a transfer of load from the right tunnel to the left tunnel, leading to an increase in the bending moment in the left tunnel but a decrease in the bending moment in the right tunnel.
Bending moments in the tunnel lining
Axial forces in the tunnel lining
Figures 14a and 14b show the variations of axial force in the lining at section E-E with different L T values for the left and right tunnels, respectively. It can be seen that the influence of L T on the axial force is greatest at the pillar springline and at the invert. In the left tunnel, there is an increase in the axial force at the left springline with an increase in L T , illustrating a load transfer from the right tunnel to the left tunnel. Consistently, as L T increases, the load transfer mechanism leads to a decrease in the axial force at the right springline of the right tunnel. The observed variations of the axial force with different L T values are consistent with the bending moment distributions shown in Fig. 13 .
Excess pore-water pressures induced by tunnel construction
Figures 15a-15e show the normalized excess pore-water distributions (∆u u exc o / ) around the tunnel openings at various longitudinal distances for L T = 30 m (3.5D). For ease of comparison, the computed excess pore-water pressure (∆u exc ) at each location is normalized by the initial hydrostatic pore-water pressure at its corresponding location (u o ). As a reminder, it is noted that the initial water table is located 5 m below the ground surface and the hydrostatic pore-water pressure at the centerline of the longitudinal tunnel axis is 147 kPa. At y = 0, there is about a 50% reduction in the pore-water pressure (∆u u exc o / = -0.5) at the left shoulder and the invert of the left tunnel, resulting mainly from the stress reduction due to the excavation of the left drift of the left tunnel. No significant change in the pore-water pressure is computed in the soil around the right tunnel, however. It should be noted that the change in the pore-water pressure due to shearing is relatively insignificant as a result of the small mobilized shear strains (Tang 2001) .
After the excavation of the right drift of the left tunnel at y = -20 m (see Fig. 15b ), further significant reductions in the pore-water pressure, i.e., ∆u u exc o / ≈ -1, occur at the crown, right shoulder, invert, and right heel of the left tunnel. At this stage, again, no noticeable change in the pore-water pressure is computed in the soil around the right tunnel.
Due to the excavation of the left drift of the right tunnel at y = -30 m (i.e., -3.5D), there are, as expected, significant excessive negative pore-water pressures (∆u u exc o / ≈ -0.7) induced at the left drift of the right tunnel, mainly due to the stress reduction as a result of the excavation. On the other hand, the excessive negative pore-water pressures induced at the left drift of the left tunnel reduce from ∆u u exc o / ≈ -1 to -0.75 at both the shoulder and the heel and from ∆u u exc o / ≈ -0.7 to -0.5 at the left springline (comparing Figs. 15b and 15c ). This implies that there is a load transfer from the right to the left tunnel to cause a reduction in excessive negative pore-water pressures, i.e., the pore-water pressure increases, in the soil around the left drift of the left tunnel, as illustrated.
At section E-E (i.e., y = -75 m or 8.6D), the distribution of the excess negative pore-water pressures ranges from ∆u u exc o / ≈ -0.25 at the left springline to -0.5 at the right shoulder and at the right springline of the left tunnel. On the other hand, the induced excessive negative pore-water pressures at the right tunnel lie between ∆u u exc o / ≈ -0.5 and −0.8, which are larger in magnitude than those at the left tunnel (i.e., larger stress reduction). The smaller excessive negative pore-water pressure induced in the left tunnel is due to an increase in the load via the load transfer mechanism as illustrated in Figs. 15a-15c . Figure 16 shows the variations of normalized excess porewater pressure (∆u u exc o / ) at representative locations around the tunnel opening with time for L T = 30 m (3.5D). It can be seen that the approach of the left drift of the left tunnel leads to a small increase in the pore-water pressure (up to ∆u u exc o / ≈ 0.25) around the left tunnel. At 20 days into construction, there is a significant reduction in the pore-water pressure around the left drift of the left tunnel (see Figs. 16a-16d ) . Subsequently, the reduced pore-water pressures at the left tunnel recover rather rapidly. At 30 days into construction, the pore-water pressures at the crown, invert, right shoulder, and right springline of the left tunnel appear to have reached stable conditions. Generally, the analyses results show that the pore pressure ratio, ∆u u / o , approximately ranges from 0.3 to 0.5 at these locations.
The pore-water pressure responses around the right tunnel at sections C-C and D-D due to the construction of the right tunnel are similar to those of the left tunnel at sections A-A and B-B, respectively, except that there is a time lag of 12 days. The amount of recovery in the pore-water pressures is larger in the left tunnel than in the right tunnel, however, due to the load transfer from the right tunnel to the left tunnel during the advancement of the twin tunnels. Figure 17 shows the pore-water pressure distributions around the twin tunnels at section E-E. The computed porewater pressure distributions correspond to the construction at the 30th day after the tunnel face of the left drift of the left tunnel passing the reference section for various L T values. The measured pore-water pressures for the trial tunnel, which were measured at the end of the construction of type 2 tunnel section, corresponding to the 24th day in the tunnel construction are also shown in Fig. 17 for comparison (Deane and Bassett 1995) . The distributions are highly nonsymmetrical in both tunnels. Due to the twin tunnel interactions, the magnitude of the induced excess negative pore-water pressures is the largest at the right heel of the left tunnel and at the left heel of the right tunnel. The influence of L T on the excess pore-water pressure is much more significant in the right tunnel than in the left tunnel. In the right tunnel, the longer the L T , the larger the induced negative pore-water pressure.
Conclusions
It is generally recognised that the interactions between tunnels is complex, especially when using the new Austrian tunnelling method (NATM). The interaction between two large and closely spaced parallel tunnels was investigated in three dimensions by finite element analysis. Special attention was paid to the influence of the lagging distance (L T ) between the leading (left) and lagging (right) tunnels and to the load transfer mechanism between the two tunnels. Based on the systematic 3D coupled finite element analyses, the following conclusions are drawn:
(1) Due to twin tunnel interactions, there is a reduction in the deformation at the pillar springline of the tunnel as compared with those due to the construction of a single tunnel in a greenfield site. The lagging distance between the two excavated faces of the twin tunnels has a stronger influence on the horizontal movement than on the vertical movement of each tunnel and significantly affects the shortening of the horizontal diameter of the tunnels. The change in pillar width (∆H) between the two tunnels appears to be an approximately linear function of L T . The reduction in the vertical tunnel diameter appears to be independent of L T , however. (2) There is a shift in the settlement trough above the leading (left) tunnel to the lagging (right) tunnel at various longitudinal distances for non-zero L T cases. The location of the maximum settlement due to the construction of the twin tunnels offsets the centerline of the pillar. The offset gradually increases with an increase in L T but approaches a constant value (i.e., 32%D) at L T = 2.5D or larger. The magnitude of the offset indicates the amount of load transfer associated with the construction of a neighbouring parallel tunnel. The smaller the offset, the more uniform the load shared between the two tunnels. The magnitude of the maximum settlements appears to be almost independent of L T , however. (3) The distributions of the bending moments induced in the lining are similar in shape, but they are different in magnitude in the two tunnels. The magnitude of the bending moments is largest in the left tunnel and smallest in the right tunnel. This suggests that the left tunnel carries a larger portion of the load than the right tunnel for nonzero L T values. As L T increases, there is a transfer of load from the right tunnel to the left tunnel, leading to an increase in the bending moment in the left tunnel but a decrease in the bending moment in the right tunnel. The influence of L T on the axial force is greatest at the pillar springline and the invert. Due to the load transfer from the right tunnel to the left tunnel, there is an increase in the axial force at the left springline of the left L T , the larger the induced negative pore-water pressures. There is a rapid recovery of pore-water pressures after each stage of excavation.
